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Abstract 
Oxy-fuel combustion is a GHG abatement technology in which coal is burned using a mixture of 
oxygen and recycled flue gas to obtain a rich stream of CO2 ready for sequestration. A thermobalance 
and an entrained flow reactor (EFR) were used in this work to study the combustibility of coals and 
blends with biomass under oxy-fuel conditions. Mixtures of CO2/O2 of different concentrations were 
used and compared with air as reference. Combustion profiles were performed in the thermobalance 
and burnout temperatures were calculated from these results. During these tests, it was observed that 
CO2 concentration exerts a low effect on the combustibility of the samples. In addition, interactions 
between coal and biomass were negligible. In the EFR tests it was observed that the burnout of coals 
and blends with a mixture of 79%CO2-21%O2 was lower than in air. However, an improvement in the 
burnout was achieved when the oxygen concentration was higher than 30%. The results of this work 
indicate that coal burnout can be improved by blending biomass with coals under CO2/O2 mixtures. 
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INTRODUCTION 
 
It is generally agreed that greenhouse gas emissions are having a serious effect on global warming 
and climate change. For this reason, GHG emissions need to be reduced to mitigate the 
consequences of global warming. New regulations to reduce GHG emissions are being introduced 
and a global effort, reflected in the Kyoto Protocol, is being made. This situation is leading to the 
development of new technologies in an attempt to reduce these emissions, especially those of CO2, 
as this is the major contributor to the greenhouse effect.  
 
Of the different activities that produce GHG emissions, energy production is one of the greatest 
contributors, due to the CO2 produced during the combustion of fossil fuels. Coal plays an important 
role in energy production and it will be one of the most frequently used fossil fuels in the future, due 
to its widely distributed and abundant reserves. However, this fuel has the drawback that it 
produces more CO2 per unit of energy than any other fossil fuel. Thus, the implementation of capture 
technologies in coal fired power stations may have a significant effect on global GHG emissions in 
the near and medium term.  
 
CO2 capture technologies can be classified into three groups: pre-combustion, post-combustion and 
oxy-fuel combustion (Wall, 2007). One of the drawbacks of flue gases produced in conventional 
combustion power plants is the low concentration of carbon dioxide due to the nitrogen present in 
the air used for combustion. The recovery of CO2 from these diluted flue gases using post-
combustion technologies is associated with high energy penalties. Oxy-fuel combustion has the 
advantage that it avoids this problem, as this technique burns the coal using a mixture of oxygen of 
high purity (>95%) and recycled flue gas (mainly CO2 and H2O). Thus, oxy-combustion generates a 
rich CO2 stream ready for sequestration. The aim of recycling the flue gas is to reduce the 
combustion temperature and to carry the heat produced through a boiler. Oxy-combustion can be 
used in plants of new design or as retrofit technology for existing power stations.  
 
During oxy-combustion, the gas composition inside the boiler differs greatly from conventional 
combustion in air, and this affects different aspects of coal combustion. The high capacity of the 
gases and the lower gas flow in oxy-fuel combustion have an important effect on heat transfer 
(Buhre, 2005). The recirculation of the flue gases, including NOx, and the absence of nitrogen has a 
great influence on NOx emissions. Many researchers have investigated this matter and  have 
concluded that important reductions (up to 70%) can be achieved with respect to conventional air 
combustion (Hu, 2003; Hu, 2001; Tan, 2006; Okazaki, 1997).  
 
Coal reactivity during oxy-fuel combustion influences the unburnt carbon in the fly ashes. Char 
reactivity was studied by means of TG tests under O2/CO2 mixtures at atmospheric and pressurized 
conditions (Várhegyi, 1996; Várhegyi, 1999). Other researchers have studied the reactivity of coal 
chars in entrained flow reactors under rich oxygen conditions and high temperatures, in order to 
obtain kinetic parameters (Murphy, 2006; Saito, 1991; Shaddix, 2003). These studies have shown 
that the char combustion rate increases with oxygen concentration and that char gasification with 
CO2 may be significant under these experimental conditions. However, these studies were 
performed using low CO2 concentrations.  
 
Biomass is another approach that can be adopted to reduce CO2 emissions. One of the most 
promising technologies to increase the proportion of biomass in energy production is by direct 
cofiring with coal (Demirbas, 2005). Cofirng biomass in oxy-fuel combustion could be used as a 
sink for CO2. However, knowledge about cofiring coal and biomass in these systems is lacking and 
further work is needed. 
 
In this work, the combustibility of coals and blends with biomass was a ssessed under O2/CO2 
mixtures. Two different experimental devices, a thermogravimetric analyser and an entrained flow 
reactor, were used in this study.  
 
EXPERIMENTAL 
 
In this work, four coals of different rank (GI, HV, DI, DA) and a biomass -Eucalyptus (RE)- were 
ground and sieved to obtain a 75-150 mm size fraction. Proximate and ultimate analyses of the 
samples are presented in Table 1. The combustibility of these coals was evaluated by means of 
temperature-programmed combustion tests (TPC). For these tests, air (79%N2-21%O2) was taken 
as reference, and three binary blends of O2 and CO2 were used (79%CO2-21%O2, 70%CO2-
30%O2 and 65% CO2- 35%O2). In order to study the effect of oxygen and carbon dioxide 
concentration, characteristic temperatures were calculated from the evolution curves of the TPC 
tests. 
 
In addition, an entrained flow reactor (EFR) was used to study the combustibility behaviour of the 
samples at high heating rates and short residence times. The EFR used in this work has a reaction 
zone with a maximum length of 170 cm and an internal diameter of 4 cm. It is electrically heated and 
is able to work at a maximum temperature of 1100 ºC. Fuel samples were fed from a hopper and 
the mass flow was controlled using a mechanical feeding system. The samples were introduced 
through a cooled injector to ensure that the temperature did not exceed 100 ºC before entering the 
reaction zone. Gases were preheated to the reactor temperature before being introduced into the 
furnace through flow straighteners. The flow rates of N2, CO2 and O2 introduced in the EFR were 
controlled by mass flow controllers and supplied from gas cylinders. A water-cooled collecting 
probe was inserted into the reaction chamber from below. Nitrogen was introduced at the top of the 
probe to quench the reaction products. Particles were removed by means of a cyclone and a filter 
and the exhaust gases were monitored by a battery of analysers (O2, CO2, CO). A temperature of 
1000 ºC was used during the combustion experiments of individual coals and blends. The particle 
residence time was adjusted to 2.5 s for the combustion tests. The mixtures employed in the 
thermobalance tests were also used in the EFR. 
 
TABLE 1:  Proximate and ultimate analyses of the samples 
 
Coal GI VL DI DA RE 
Proximate Analysis (wt%, db)      
Ash 7.8 8.0 5.5 10.7 0.6 
V.M. 4.0 9.0 15.0 28.3 83.2 
F.C. (by difference) 88.2 83.0 79.5 61.0 16.2 
Ultimate Analysis (wt%, daf)      
C 94.3 87.8 87.9 82.7 48.8 
H 2.1 3.2 3.8 5.0 6.1 
N 0.9 1.7 1.6 0.8 0.2 
S 0.8 1.9 4.0 0.9 0.0 
O (by difference) 1.9 5.4 2.7 10.6 44.9 
 
RESULTS AND DISCUSSION 
 
Temperature-programmed combustion tests 
Figure 1 shows the combustion profiles of coals GI and DI at the different experimental conditions 
used in this work. As can be seen, small differences are encountered between the combustion 
profiles performed in air and in the mixture with 79%CO2-21%O2, indicating that CO2 has little 
influence on coal combustibility during these tests. The same behaviour was observed with the other 
individual coals and blends. This is due to the fact that the reaction of coal with CO2 takes place at 
higher temperatures than those reached in the TPC tests until complete burnout, whereas reaction 
with CO2 does not take place to any great extent. These results are in agreement with those of other 
researchers (Várhegyi, 1996; Várhegyi, 1999). Furthermore, when the oxygen concentration is 
increased in the CO2/O2 mixtures, there is a shift of the curves to lower temperatures. 
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FIGURE 1: Combustion profiles of coals GI and DI under the different experimental conditions used. 
The combustion profiles of the DA-RE blends using the mixture with 65%CO2-35%O2 are shown in 
Figure 2. As can be seen, when the percentage of biomass increases, the low temperature peak is 
higher, while the second peak occurring at higher temperatures is lower. This indicates that the 
peaks correspond to the combustion of biomass and coal, respectively. The same behaviour was 
observed during the combustion profiles of the blends using the other gas mixtures. The shape of the 
DTG curves shows the absence of interactions between coal and biomass during the TPC tests. 
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FIGURE 2:  Combustion profiles of coal DA and the DA-RE blends under a mixture of 65%CO2-35%O2.  
 
From the combustion profiles some parameters, such as the burnout profile temperature (TB), can 
be calculated in order to compare the combustibility of coals (Morgan, 1986; Norton, 1993). In this 
work, the burnout temperature was defined as the temperature at which the rate of weight loss is 
0.005 % s-1. The calculated burnout temperatures of the individual coals are shown in Figure 3.  
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FIGURE 3:  TB of the studied samples under the different experimental conditions. 
As was expected, the burnout temperature decreases with coal rank under the different gas 
mixtures. In Figure 3, it can be seen that TB remains almost unaffected when N2 is replaced by CO2. 
On the other hand, the burnout temperature decreases when the oxygen concentration increases in 
the CO2/O2 mixtures. This change is especially noticeable when oxygen increases from 21 to 30%. 
However, the temperature differences between 30 and 35% of oxygen are not as marked, showing 
that there is no linear dependence of TB on the percentage of oxygen. The effect of blending biomass 
on the burnout temperature of coal DA is not appreciable, as can be seen in Figure 2. The TB of the 
blends under the different experimental conditions is close to that calculated for coal DA. This result 
confirms the absence of interactions between the two fuels during these tests. 
 
Entrained flow reactor tests 
The burnout of the samples was calculated at 30% oxygen excess. The results calculated for the 
individual coals and blends are shown in Figure 4. For all the studied samples, the burnout obtained 
with the 79%CO2-21%O2 mixture is lower than that reached in air. This result is in agreement with 
the findings of other researchers using different experimental devices (Liu, 2005, Liu 2005; Wang, 
1988; Kimura, 1995). When N2 is replaced by CO2, the heat capacity of the gases increases and 
the particle temperature during combustion is lower. This effect reduces the combustion rate of the 
chars and there is a worsening of coal burnout. For the 70%CO2-30%O2 and 65%CO2-35%O2 
mixtures, coal burnout is higher than in air. In these cases the higher oxygen concentration increases 
the char combustion rate with respect to combustion in air. The improvement in burnout under high 
oxygen concentration is especially noticeable for the higher rank coals (GI, VL). However, coals 
DA and DI show a high burnout in air, so there is less room for improvement by increasing the 
oxygen concentration. 
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FIGURE 4:   Burnout of studied coals under the different atmosphere concentration studied at an excess of 
oxygen of 30%. 
 
The burnout of the blends presents a similar behaviour to that of the individual coals under the 
different atmospheres studied. There is a decrease in burnout in comparison with air combustion 
when the blends are fired in a mixture of 79%CO2-21%O2, and burnout improves under the 
CO2/O2 mixtures when the oxygen concentration is higher than in air. The burnout of coal DA is 
similar to that corresponding to the DA-RE blends when they are fired in air. This indicates that the 
effect of blending has a low impact on burnout under combustion in air. In the case of the 
79%CO2-21%O2 and  the 70%CO2-30%O2 mixtures, the burnout improves slightly when the 
proportion of biomass is increased in the blend. More differences were observed under 65%CO2-
35%O2; in this case, there is a clear improvement in burnout with the increase in the percentage of 
biomass.  
 
When two fuels are fired as a blend, the burnout of each component may be different to that 
exhibited when they are burned individually. Coal combustibility may be modified for various 
reasons when it is blended. One of these reasons is the modification of the oxygen and temperature 
profiles inside the reactor, depending on whether the coal is burned alone or as a blend. If the 
reactivities of the fuels are different, there will be differences in their profiles, as the more reactive 
fuel will react faster, thereby reducing oxygen concentration and increasing the temperature at the 
top of the reaction chamber. Any improvement in the burnout of the less reactive component will 
depend on the oxygen and temperature profiles in the reactor. 
 
Biomass is more reactive than coal DA. For this reason, the burnout of the blend could be improved 
if coal DA were unaffected by the modification of the oxygen and temperature profiles. However 
when the DA-RE blends are tested in air, there is no appreciable improvement in burnout. This 
indicates that biomass combustion affects the combustibility of coal DA, causing it to exhibit a lower 
burnout than when it is burned alone. This could be because the oxygen availability is more restricted 
during the combustion of the blend. In the case of the 79%CO2-21%O2 mixture, there is a slight 
improvement in burnout with blending. In this case any reduction in the availability of oxygen would 
have less effect on DA, as the combustibility of this coal is reduced, due to the high CO2 
concentration. In the case of the 70%CO2-30%O2 and 65%CO2-35%O2 mixtures, more oxygen is 
available and so the burnout of coal DA will be less affected. As a result, the burnout of the blend is 
enhanced. This enhancement is especially marked in combustion at concentrations of 35% oxygen. 
 
CONCLUSIONS 
 
The combustibility of individual coals and blends under oxy-fuel conditions was determined in a 
thermogravimetric analyser by means of combustion profiles. The burnout temperatures of samples 
were calculated at the different experimental conditions. The effect of CO2 on the combustibility of 
the samples is  negligible during combustion in the thermogravimetric analyser. However, oxygen 
concentration has an important effect, but only up to a value of 30%. Further increases in oxygen 
concentration have little effect on the temperature of burnout. The combustion profiles of the DA-RE 
blends show the absence of interactions between these two components. 
 
During the EFR tests, burnouts of the samples under a mixture of 79%CO2-21%O2 are lower than 
those corresponding to air. However, if the oxygen concentration in CO2/O2 mixtures is increased to 
a value of 30%, burnout is increased. The blending of biomass has a low impact during combustion 
in air. Interactions between coal DA and the biomass were observed when they were fired as a 
blend in the entrained flow reactor and an improvement in the burnout of the blends can be achieved 
under CO2/O2 mixtures.  
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